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ABSTRACT

Contaminants pose a serious concern due to their relative ease of transport through
groundwater, where they can accumulate and become a plume (i.e. dissolved contaminants
that move with groundwater flow). Chlorinated solvents are contaminants of concern due
to their potential for causing cancer, organ disease, and other ailments. Due to improper
storage and disposal, these solvents find themselves in groundwater reserves, and thus
warrant the need for finding treatment options to remove them from the water. In-situ
biodegradation of TCE is a respiratory process consisting of electron donors, acceptors,
and microorganisms that are either native or introduced into the system. Energy from the
oxidation of electron donors by microorganisms is coupled to the reduction of TCE and its
daughter products (referred to as “reductive dechlorination”). The focus of the research is
to investigate a new technology, in-situ activated carbon, and its ability to act as both an
adsorbent, for attracting the contaminants and the bacteria onto itself, and as a bridge for
easier transfer of electrons between the microorganisms and chlorinated compounds.
Experiments consisting of 11 batches of triplicates with two different electron
donors, and three different activated carbon mass loadings. Each electron donor, namely
emulsified oil substrate (EOS), which is a soybean oil-based electron donor, and a mixture
of acetate-lactate, was evaluated with the three mass loadings. The mass loadings of
activated carbon used in the experiments were a high mass loading of 78 mg/mL, a medium
mass loading of 26 mg/mL, and a low mass loading of 1 mg/mL. The two higher mass
loadings were based on vendor recommendations. The remaining batches were control
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batches consisting of activated carbon unamended batches, batches unamended with
electron donors, and a sterile batch. A gas chromatograph was used for analyzing the
headspace samples of the batches to detect the amount of TCE, its daughter products, and
methane present denoted as μmole/bottle.
Results from the batch experiment demonstrated that the activated carbon
unamended batch and the 1mg/mL batch, both amended with the acetate-lactate mixture,
had the most amount of ethene recovered in comparison to other batches. The batch with
1 mg/mL of GAC demonstrated ethene being generated earlier than the GAC unamended
batch. However, the 1 mg/mL of GAC batch also generated extremely high amounts of
methane in the system. The No GAC control batch had the highest ethene recovery,
followed by the 1 mg/mL of GAC batch. The batches with the higher GAC mass loads did
not have any ethene during the entire period, but this could have been a function of ethene
adsorption to the extreme GAC mass loadings despite its limited adsorption capacity. A
separate enrichment experiment was conducted using bacteria from these two batches, No
GAC control and 1 mg/mL GAC batches, where the inoculum from both batches was
subjected to a GAC amended and GAC unamended environments, with acetate-lactate as
the electron donor. The enrichments amended with inoculum from the 1 mg/mL GAC batch
had more ethene recovered at the end of the incubation period, with the GAC unamended
enrichment recovering more ethene than the GAC amended enrichment. The GAC
amended enrichment from this same batch generated the largest amount of methane among
all the enrichments.
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CHAPTER ONE
I.

INTRODUCTION

Identifying groundwater contaminants, their toxic effects on human health, and
techniques for effectively degrading them, are heavily researched areas due to their
persistent nature and widespread presence in natural systems. Trichloroethylene, (TCE,
C2HCl3) is a contaminant of interest in the remediation field due to abundant amounts being
produced, stored, and discharged into the environment (Squillace et al., 2004, Gafni et al.,
2020). It is a volatile organic compound (VOC) that exists as a clear and colorless liquid
emitting a sweet odor. Mass production of TCE for commercial purposes commenced
around 1921, finding its application more often as a spotting agent for dry cleaning and the
vapor degreasing of metallic parts. The rate of production grew steadily until it reached a
peak of 57 million pounds in 1988 following a decline in production reaching a total of
approximately 2.2 million pounds in 2018 due to increasing number of reports indicating
significant toxicity (Guyton et al., 2014, US: EPA, 2018). Apart from vapor degreasing
and dry-cleaning applications, TCE is most often used as an intermediate for manufacturing
refrigerant chemicals and in producing consumer products such as correction fluids, paint
removers, adhesives, etc. (Baskaran & Rajamanickam, 2019). TCE has also been widely
studied for its degradation pathways and possible methods of removing it from natural
media.
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1.1
1.1.1

TCE & DAUGHTER PRODUCTS
Health effects and EPA standards
TCE, along with its parent compound perchloroethene (PCE), and daughter

compounds cis-1,2-dichloroethene (cis-DCE), and vinyl chloride (VC), have exhibited
toxic and carcinogenic effects on human health, prompting them to be labeled as hazardous
substances by the US-EPA (Gaza et al., 2019). Humans are exposed to TCE mainly through
inhalation, because of its high volatility. Medical research has found that exposure to TCE
has been associated with various diseases like cancer, and diseases that affect the immune
system and has also been linked to causing congenital heart defects (Guyton et al., 2014).
According to the EPA’s Integrated Risk Information System (IRIS), the inhalation unit risk
of TCE, shown in Table 1, expresses the risk of potentially developing renal cell carcinoma,
non-Hodgkin’s lymphoma and liver tumors (EPA & IRIS, 2011). cis-DCE, most often used
to make other chemical solvents, is not widely used as TCE or VC in terms of applications.
Reports from workers exposed to cis-DCE via inhalation have indicated dizziness, nausea,
fatigue, and eye irritation; however, studies conducted on animals have shown cis-DCE
attacking the liver enzymes causing fat degeneration and necrosis (Borges, 1994). VC is
most widely used for producing polyvinyl chloride (PVC) piping. Most cases of VC
contamination in water systems occur from leaching of VC from pipe walls as water passes
through the pipes, which can diffuse into the air when water is exposed to open atmospheric
conditions. Human exposure to VC can occur through consumption of VC contaminated
water or inhalation. VC has an inhalation unit risk of 4.4x10 -6 per μg/m3 of carcinogenic
risk with the potential for liver angiosarcomas, angiomas, hepatomas and neoplastic
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nodules (EPA, 2000). TCE, cis-DCE, and VC have a target MCL (Maximum Contaminant
Level) of 0.005 mg/L, 0.07 mg/L and 0.002 mg/L respectively, with a MCLG (Maximum
Contaminant Level-Goal) of 0 mg/L for both TCE and VC, set by EPA as part of their
drinking water standards (Agency & Water, 2018). Due to the dangers posed by exposure
to TCE and to meet safe levels of these contaminants for water consumption, researchers
have found various degradation techniques to remove TCE and its daughter products from
groundwater sources (Bayer & Finkel, 2005, Roberts et al., 1996).
Table 1: Maximum Contaminant Levels (MCLs) of contaminant species and their carcinogenic risk.

1.
2.
3.

1.1.2

Species

MCL (mg/L)1

Carcinogenic Risk (per μg/m3)2,3

TCE

0.005

4.1x10-6

cis-DCE1

0.07

Not available

VC

0.002

4.4x10-6

(Agency & Water, 2018)
(EPA & IRIS, 2011)
(EPA, 2000)

TCE degradation pathway
The most effective practice of removing TCE at contaminated sites is by reductive

dechlorination performed in-situ, by microorganisms under anaerobic conditions (Yang et
al., 2005). Ex-situ remediation consists of bringing the contaminated soil up to the surface
where it is treated and sent back to the source. This can be a cost-intensive procedure to
employ. TCE is considered a strong oxidant among other species found in groundwater
except for O2, which is why maintaining an anaerobic condition is important as reductive
dechlorination can fail in aerobic conditions (Bradley, 2003). Few bacteria, such as
Geobacter, Desulfovibrio, Desulfomonile, Desulfobacterium, and Dehalococcoides, have
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been found to metabolize halogenated organic compounds into less toxic alkene
compounds (Wen et al., 2017). These bacteria are commonly labeled as reductive
dechlorinators. Reductive dechlorination is a sequential electron transfer pathway, where
a chlorine atom is cleaved off and replaced with a hydrogen atom and 2 electrons in each
step. Through this step, TCE (C2HCl3) is detoxified by reducing to cis-DCE (C2H2Cl2) then
to VC (C2H3Cl) and finally to ethene (C2H4) as shown in equations 1-3 below.

C2HCl3 + H2  C2H2Cl2 + H+ + Cl-

(1)

C2H2Cl2 + H2  C2H3Cl + H+ + Cl-

(2)

C2H3Cl + H2  C2H4 + H+ + Cl-

(3)

Dehalococcoides were found to be one of few genus of microorganisms that could
completely dechlorinate TCE into ethene, while other bacteria were found to partially
respire TCE into its daughter products (Antoniou et al., 2019).
Anaerobic bacteria require an exogenous electron donor to provide the energy
required for microorganisms to utilize the chlorinated compounds in reductive
dechlorination, where the chlorinated compounds act as electron acceptors (Aulenta et al.,
2007). H2, specifically, is the substrate required in the reduction of TCE to ethene (Fennell
et al., 1997). The selection of the most appropriate donor is usually determined after
microcosm tests are conducted where the soil and water samples are subjected to various
electron donors. Lactate (C3H6O3) is a good electron donor that ferments to yield hydrogen
in its dissolved form, which can then be oxidized by the Dehalococcoides to produce the
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electrons and hydrogen ions (Wei & Finneran, 2013). A study showed that acetate
(C2H3O2) was effective in dechlorinating TCE to cis-DCE (He et al., 2002). Although soil
samples contain a mixed microbial community, acetogens are responsible for utilizing the
lactate to produce dissolved hydrogen by fermenting it. The fermentation of lactate
undergoes one of the following pathways shown below in Equations 4-6 (Borum, n.d.):

C3H5O3- + 2H2O  (C2H3O2-) + HCO3- + H+ + 2H2(aq)

(4)

2C3H5O3-  C3H5O2- + C2H3O2- + CO2 + H2

(5)

C3H5O2- + 3H2O  C2H3O2- + HCO3- + 3H2(aq) + H+

(6)

C18H32O2 + 34H2O  18CO2 + 100e- + 100H+

(7)

Methanogens, a type of anaerobic bacteria, are also present in mixed microbial
communities. These methane producers consume hydrogen for the production of methane
by reducing CO2 (Antoniou et al., 2019). Inhibiting methane production and allowing
electrons to flow towards TCE dechlorination would seem like the optimal way to enhance
the process; however, studies have shown, high levels of methane are generated only when
electron donors are in excess of what is required (DiStefano et al., 1991, Duhamel et al.,
2004, Wei & Finneran, 2013).
1.2

ACTIVATED CARBON
The need for developing techniques for efficient removal of groundwater

contaminants has always existed. The more common treatment methods being deployed
are air sparging, pump and treat, bioventing, bioaugmentation, and chemical methods like
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chemical precipitation and ion exchange. However, many of these techniques incur high
operating and maintenance costs, which warrants the need for a more economical
technique. The application of zero valent iron (ZVI) has also shown promise in treating
chlorinated compounds (Fu et al., 2014, Roberts et al., 1996). However, certain limitations
like the production of hydrogen gas in an anaerobic environment, resistance to mass
transport of contaminants to and from the ZVI surface (Guan et al., 2015) limit its
application in TCE dechlorination. Adsorption using organic/inorganic adsorbents has
emerged as a cost-effective technique that removes pollutants from groundwater quite
efficiently. One such adsorbent, sourced from organic sources, is activated carbon that
comes in either granular or powdered forms. For years granular activated carbon (GAC)
has been used to filter pollutants from water (Bayer et al., 2005). What makes them
particularly effective is their highly porous structure that provides increased surface area
for surface adsorption (Wang et al., 2006). Mainly used to purify drinking water post
disinfection or to remove taste and odor compounds, activated carbon has been found to
adsorb various other chemical contaminants (Crittenden et al., 2012). Although GAC can
adsorb a wide range of contaminant concentrations, it is most effective at removing lower
concentration levels of contaminants that methods like flocculation and sedimentation find
harder to remove (Daifullah & Girgis, 2003).
1.2.1

Carbon sources and activation
Most sources of GAC come from natural organic materials with high carbon

content, like trees, coal, and petroleum pitch (bitumen). Regions that face a shortage of
coal or hydrocarbon products have often relied on agricultural by-products to produce
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activated carbon, due to their ready availability, and for being inexpensive (Daifullah &
Girgis, 2003). Due to the potential for a climb in deforestation and to reduce dependence
on hydrocarbons, various other waste products like nutshells, coconut shells, waste tea,
bamboo, cherry pits, etc. have also been used to produce GAC (Li et al., 2011). This helps
regions tackle waste issues by utilizing them for producing activated carbon. The source
material must undergo a procedure known as pyrolytic carbonization that “activates” the
carbon before it can be used as an adsorbent. Because the materials are high-density
macromolecules, they are heated to very high temperatures, typically between 800ºC to
1000ºC, but sometimes as high as 2000ºC, during carbonization where the carbon
decomposes due to the heat. A gaseous activating agent, typically steam, is used for heating
the carbon to such high temperatures (Crittenden et al., 2012). Ultimately, all volatile
components in the material vaporize, leaving behind a highly carbonaceous substance with
a graphitic structure that weighs roughly 20-30% of the starting weight (Ray, 1940).
Depending on the origins of the carbon, the spacing between the carbon atoms left behind
by volatized substances or from the migration of the carbon atoms can be different, thereby
resulting in varying porosities (Ray, 1940). Coconut shell derived GAC has pore sizes less
than 2 nm in diameter (Crittenden et al., 2012).
1.2.2

Adsorption mechanism
Various studies have been conducted on the suitability of different source materials,

and coconut shells were found to produce GAC with the best quality, in terms of being
microporous and their pore structure, having high mechanical strength and a low attrition
rate (Ray, 1940, Li et al., 2011). The microporous structure, in turn, provides a high surface
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area within the GAC particles. The surfaces of these particles have adsorption sites that
allow for adsorbates (the adsorbing molecules) to attach themselves to the particle;
therefore, a higher surface area would mean more adsorption sites. However, a limit should
exist for the porosity, typically less than 50%, because a higher porosity would result in
brittle particles and a risk for mechanical failure would exist (Crittenden et al., 2012).
Polarity plays an important role between the adsorbent, adsorbate, and the solvent.
Adsorption can occur through chemical means (chemisorption), where an adsorbate can
chemically react onto the surface of the adsorbate ionically or covalently, or through
physical means (physisorption), where surface physical forces between the adsorbate and
the adsorbent dominate the adsorption process (Crittenden et al., 2012). Chemisorption
occurs due to the presence of active surface functional groups, most often oxygen-based,
that can induce electrostatic chemical bonds or a covalent bond between atoms(Boehm,
2002, Otake & Jenkins, 1993, Boehm, 1994). Chemisorption results in bonds formed with
high bond energy that lets contaminants strongly adsorb onto the GAC particles. Because
chemisorption is specific to the presence of these functional groups and the type of bond
created, most often, adsorbates can only form a single layer on the carbon surface.
Physisorption, on the other hand, relies solely on the surface forces between the
contaminant and the carbon surface and is not specific to the surface functional groups.
Therefore, multiple molecular layers can exist (Crittenden et al., 2012). A highly porous
particle would mean abundant surface adsorption sites. The surface forces that bind the
contaminant to the carbon surface are generally weaker, and the bonds have low energy in
them compared to the bonds formed in chemisorption. The polarity of the substances
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involved in the adsorption process determines how strongly the physisorption bond will be
(Coughlin & Ezra, 1968). GAC particles are non-polar, as well as TCE, whereas water is a
polar substance. As a result, the contaminants would be more likely to adsorb onto the
GAC particles than remain in the aqueous phase in water (McCallum et al., 1999).
Solubility can also determine whether the contaminants prefer to remain in the aqueous
phase or the adsorbed phase. As seen in Table 2, the solubility of TCE is lower than cisDCE and VC’s solubility in water, therefore indicating that TCE is more likely to remain
adsorbed on the GAC particle than cis-DCE or VC. TCE has a higher water solubility than
ethene, however, ethene has a significantly higher vapor pressure than TCE which indicates
ethene’s preference for the gas phase.
Table 2: Properties of contaminants at 25ºC (Pollutants, 2018)

1.

1.2.3

Compound

Water solubility (mg/L)

Vapor pressure (KPa)

TCE

1280

9.20

cis-DCE1

3500

266.64

VC

2763

368.3

Ethene

131

6946.07

National Library of Medicine, PubChem

Biofilm formation on GAC particle
Commercially, GAC is used for the removal of contaminants from water by

adsorbing on the surface of the particle. The particles must be removed from the system
where it is treated to remove the contaminants. However, the idea of using GAC to treat
the contaminants via biosorption, where bacteria in the system create a biofilm on the
particles’ surface, is explored here. In various studies where TCE was treated, the
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contaminant was in the aqueous phase in a liquid microcosm where the bacteria were in a
suspended state in the system. Here, GAC is used as an adsorbing surface on which
bacterial biofilms form, while also adsorbing the contaminant on its surface. This way,
TCE is readily available for bacteria to metabolize into its dechlorinated products.
Along with the ready availability of the contaminant, GAC also provides steady
support for the microorganisms to fix itself and remain in an immobilized state. Studies
have shown immobilization of microorganisms has increased metabolic rates for various
compounds compared to the rates found while the microorganisms were in a suspended
state (Scott et al., 1995). An advantage of having biofilms grow on GAC is that exhaustion
of adsorption sites on the particle can be potentially solved. As the contaminants occupy
adsorption sites, a reduction in adsorption capacity will occur over time, and therefore
regeneration of the GAC is required. This can be achieved when bacteria in the biofilm
metabolize the adsorbed contaminants freeing the adsorption sites (Schmidt et al., 2012).
Apart from the microorganisms that form on the GAC particles, they are also
present in a suspended state in the microcosm. When contaminants are present at high
concentrations, biodegradation by the suspended microorganisms can be inhibited because
the high concentration can prove to be toxic for the bacteria. Studies have shown that the
addition of GAC can reduce the toxicity by acting as a sink for the contaminants, thereby
reducing the concentration of the contaminants in the aqueous phase (Schmidt et al., 2012).
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1.2.4

Marketed Products: RPI Trap and Treat BOS 100 and Regenesis PlumeStop Liquid
Activated Carbon
Activated carbon has found various applications in effectively removing

chlorinated solvents from contaminated sites. Although many activated carbon-based
products exist on the market, certain products have emerged in the last few years that
employ in-situ remediation technology to remove TCE from chlorinated compound
contaminated sites. Two major vendors that market these in-situ activated carbon
amendments are Remediation Products Inc. (RPI) and Regenesis.
In-situ remediation works by injecting activated carbon into the groundwater for
rapid sorption of the contaminant onto the surface of the carbon. The remediation agent is
injected through injection wells where the product is evenly distributed within the
contaminant plume for effective degradation (Xinran Song et al., 2020). Mixing of the
product and the plume is essential for sufficient treatment to occur. Injecting at high
pressures acts as the driving force required for mixing; however, too large of a pressure
can expand the contaminant plume creating environmental risks and making treatment
goals harder to achieve (Piscopo et al., 2015, Xinran Song et al., 2020).
Regenesis’ PlumeStop Liquid Activated Carbon is a colloidal activated carbon,
suspended in water using polymer dispersion chemistry. The particle size of the carbon is
about 1-2 μm, whereas GAC can have a particle size of approximately 1000 μm. The
product is injected through low-pressure injections, so, therefore, high-pressure injections
are not required for product delivery, which can prevent fracturing the formation (Bulletin
et al., 2015). The products’ colloidal properties allow the sorption of contaminants to occur
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rapidly when the activated carbon has been applied to the subsurface. Upon reaching the
subsurface, the product behaves as a colloidal biomatrix, and enhanced biodegradation can
occur, by naturally present bacteria or those introduced from bacterial cultures. Due to the
availability of the contaminants on the GAC, there are fewer mass transfer constraints,
thereby increasing the speed and efficiency of degradation (Bulletin et al., 2015).
RPI’s Trap & Treat BOS 100 is specially meant to treat groundwater contaminated
with chlorinated solvents (Bos 100 ®, 2004). It is a different kind of carbon product from
PlumeStop, where the high-grade carbon is impregnated with metallic iron under reducing
conditions and at 850ºC, resulting in the iron partially dissolving into the carbon. The
product is then mixed in with water to create a slurry and injected using the direct push
injection method, soil mixing technique, or trenching into various points mapped out in a
triangular grid pattern. The product has been used to treat TCE in groundwater and
dechlorinate it to ethene and generate methane in short amounts of time.
Both vendors have marketed their products, expressing how activated carbon has
the ability to adsorb TCE onto itself and dechlorinate it into its daughter products, cis-DCE,
VC, and ethene and also generate methane, by adsorbing bacteria on its surface, all
performed in-situ. Activated carbon has shown to be an excellent adsorbent and has been
used as an adsorbent for contaminant removal for years. However, scarce data exist in the
literature that suggests activated carbon can enhance the dechlorination of TCE. The lack
of data makes it imperative to investigate the vendors’ claim of enhancing the
dechlorination of TCE to ensure that the products do function the way they are being
marketed and to research on how they can be utilized in a more efficient manner.
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CHAPTER TWO
II. MATERIALS AND METHOD

2.1

SAMPLE COLLECTION
All soil samples used in the microcosms were collected from a riverbed of a site in

Pickens, South Carolina, known to be contaminated with chlorinated solvents. The site
characteristics were the following:


pH in the low to moderate range (4.0 to 6.0), which is not ideal for complete
dechlorination.



Little or no dissolved oxygen in most groundwater.



Fe (III) values ranging from 50 to 225 mg/kg.



Mn (IV) values ranging from 100-900 mg/kg.



Negligible nitrate and nitrite (less than 0.1 mg/L in all water samples).



Sulfate present at 50-100mg/L (high of ~1mM), which can act as an electron
acceptor.



Co-contamination with BTEX and other petroleum hydrocarbons, although the
stream bed sampled was only contaminated with chlorinated solvents.



The site is undergoing active bioremediation and monitored natural attenuation
(MNA), but at locations distant from the sediment sampled.
Samples were stored in a dark walk-in incubator (30ºC) until they were ready to be

used for the experiments. The water used in the microcosm was collected in opaque
collection bottles from Lake Hartwell. The microcosms were meant to simulate an aquifer
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and due to the unavailability of groundwater from the site, water from Hartwell was used
due to the presence of naturally present ions and nutrient. This was a better alternative than
using artificial groundwater.

Figure 1: Image of soil used for the batch experiments

2.2

PREPARATION OF ELECTRON DONORS
All electron donor stocks were prepared in 160 mL serum bottles. Sodium lactate

and sodium acetate were used for providing the lactate and acetate in the experimental
bottles. The sodium lactate used was from J.T. Baker 60% syrup. The headspace of the
bottle was purged with high purity nitrogen to induce an anoxic environment. A 1M sodium
acetate stock solution was made by adding 4.1 g of sodium acetate from Sigma-Aldrich in
50 mL of deionized water. The deionized water was first autoclaved for 1 hour 15 minutes
at a sterilization temperature of 121ºC before adding sodium acetate. This is to preserve
the stock, prevent loss of concentration of the chemical and any unwanted bacterial
contamination going into the experimental bottles. The headspace of the stock solution was
purged with high purity nitrogen. The EOS used was obtained from EOS Remediation,
LLC (Raleigh, NC), and it was added directly into the serum bottles. A small amount of
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EOS was heated up to 70 ºC to make the oil less viscous. Using a Thermo Fisher 20 μL
micropipette, 11μL of EOS was dispensed into each bottle.
2.3

PREPARATION OF BATCH BOTTLES
All degradation experiments were conducted in 160 mL serum bottles and in

triplicate. The different control and experimental sets that were prepared are listed in Table
3 and Table 4 below.
Table 3: Overview of the control sets (No GAC)
Batch name

Donor concentration
Acetate/Lactate (mM)

Mass of TCE added
EOS (mg/L)

(μmol)

Sterile control

-

20

Non-sterile Control

-

20

Batch 1

11 / 11

-

20

Batch 2

-

111

20

Clean control

-

20

Table 4: Overview of the experimental sets
Batch name

Donor concentration

GAC mass loading

Mass of TCE

Acetate/Lactate (mM)

EOS (mg/L)

(mg/mL)

added (μmol)

Batch 3

11 / 11

-

1

20

Batch 4

11 / 11

-

26.

20

Batch 5

11 / 11

-

78

20

Batch 6

-

111

1

20

Batch 7

-

111

26

20

Batch 8

-

111

78

20
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Preparation of the sterile control was a 3-day process; therefore, it was prepared
before preparing the controls and experimental bottles. Each bottle in the set started with
20 g of soil, with an assumed porosity of 0.3, and 85 mL of lake water. After closing the
bottles with a blue butyl stopper and crimping them to maintain air-tight conditions, the
headspace was purged with high purity nitrogen for 7 minutes to generate an anoxic
environment. The bottles were autoclaved for 1 hour 15 minutes for three consecutive days
at approximately the same time of the day. This is done to prevent the potential growth of
spore-forming microorganisms that may have been dormant during the 1 st or 2nd autoclave
cycles. Using a microliter syringe, 1.8 μL (20 μmol) of neat TCE was, subsequently, added
to the sterile controls. The addition of slightly excessive amount of TCE could have
occurred due to the sensitivity of the microliter syringe.
The remaining control bottles and the experimental bottles started off with 20 g of
soil. However, with the addition of the electron donors, the volume of the lake water added
was adjusted until the final volume in the bottle was 100 mL. Before adding the TCE and
donors, GAC was added to the experimental bottles, followed by flushing the headspace
with high purity nitrogen. The GAC used was AquaCarb1230C, high activity, 12x30 mesh,
virgin coconut shell activated carbon (US Filter Corporation; Snellville, GA). The amounts
of GAC added to the bottles were 0.1 g, 2.6 g, and 7.8 g to achieve mass loadings of 1
mg/mL, 26 mg/mL, and 78 mg/mL, respectively. Following this, 1.8 μL (20 μmol) of neat
TCE was added to the bottles. For the batches with acetate and lactate as the electron
donors, 1 mL from the acetate stock and 0.143 mL of lactate were added to achieve their
respective concentrations in the experimental bottles. For the batches with EOS as the
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electron donors, 0.011 mL of EOS was added to achieve the required concentration in the
bottles. The clean control batch consisted of 100 mL of 30 mM HCO 3- solution, along with
GAC and TCE. This batch consisted of 3 different bottles, each with a different GAC mass
loading in it. Once the bottles were prepared, they were all kept on a shaker table (Innova
2100 Platform shaker from New Brunswick Scientific) that was set to 110 rpm in a dark
environment under room temperature. The bottles were shaken to enhance the mass transfer
of TCE between the adsorbed, aqueous, and gaseous phases.
2.4

ANALYTICAL METHODS
Samples were taken from the headspace of the serum bottles. The bottles sat for 24

hours to let TCE equilibrate between the phases before a time zero sample was taken.
Subsequent sampling was conducted on a weekly basis. A gas-lock VICI glass syringe was
used for collecting gas samples. The TCE and the daughter products in the samples were
quantified on a mass basis, recorded as μmol per bottle, using two Shimadzu 2014 gas
chromatographs (GC) with a flame ionization detector and a 30-m GS-Q column. Ultrahigh purity helium was used as a carrier gas in the GC at 50 mL/min. The oven had an
initial temperature of 40 ºC, held for 1.5 minutes before it increased to 200 ºC at the rate
of 40 ºC/minute. The injector port had a temperature of 200 ºC, whereas the detector had a
temperature of 300 ºC. The program run time was a total of 7.50 minutes. The glass syringe
was flushed with 0.2 mL of high purity nitrogen that was added to the headspace of the
serum bottle before removing out 0.2 mL of the headspace sample. This sample was
injected into the GC using an injection needle. To prevent cross-contamination between
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samples, the mouth of the glass syringe and the injector needle were kept on a vacuum port
to clean out the surface of the syringe and needle.
Analysis of the gas sample is done by using the chromatogram generated by the
GC. The chromatogram depicted various peaks that were associated with TCE and its
various degradation products as well as methane. The areas of the peaks were converted
into mass by using standard curves generated by the regression line through, or “line of
best fit” method. The headspace of four separate standards with varying masses of TCE,
daughter products, and methane were analyzed to obtain chromatograms with peaks for
each compound. The area of the peaks and the mass of compounds in the standards were
plotted and regression lines were obtained for each compound that were used as standard
curves. The standard curves for each compound were in the form of:
Y = m*X+b

(8)

where,
Y = Area of the peak obtained from the chromatogram,
m = Slope of the best fit line,
b = y-intercept of the best fit line, and
X = Mass (μmole/bottle) of the compound
Mass of the compounds were represented as μmole/bottle indicating the total amount of
the compound present at any time in the microcosm. This value can be used to determine
the aqueous and headspace concentrations. Due to partitioning between the two phases, an
equilibrium exists between the compounds present in the aqueous phase and the headspace
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in the microcosms. Using a dimensionless Henry’s constant specific to each compound,
the concentrations present in both phases can be determined.
2.5

PREPARATION OF TCE STANDARDS

Standard curves were prepared, as mentioned above, from known masses of TCE, cis-DCE,
VC, ethene, and methane, as shown in Appendix Table 1. Four separate standards were
prepared in air-tight serum bottles in DI water with a final liquid volume of 100mL. They
were all kept at room temperature and in a dark environment like the batch experiment
bottles.
2.6

PREPARATION OF TCE ENRICHMENT BATCH
A separate experiment was conducted using enrichment batches that were meant to

be quick experiments. Bacteria from a bottle in the non-GAC control series amended with
acetate-lactate mixture (Batch 1), as well as bacteria from a bottle in the 1 mg/mL GAC
series amended with acetate-lactate mixture (Batch 3) were used as part of this enrichment
experiment. These bottles were chosen because results from the batch experiment showed
that these batches had the highest amount of ethene produced. Two separate triplicates were
made using both bacteria, one amended with GAC and the other without GAC, resulting
in 4 separate batches. The experimental design is shown in Table 5 below. The same type
of serum bottles used for the batch experiments were used; 90 mL of autoclaved freshwater
medium (Lovley, D. R. et. al, 1993) was used instead of lake water. The required amount
of GAC was added for batches that were being amended with GAC. The same amounts of
both acetate and lactate used in the batch experiment, were used as the electron donors for
the enrichments. The headspace was kept anoxic by using high purity nitrogen. TCE (20
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μmol) was used in each batch to replicate the same conditions as the batch experiment.
After TCE was left to equilibrate for a day, 10 mL of inoculum from the original bottles
were used to inoculate the enrichments.
Table 5: Overview of enrichment experiment experimental design
Batch name

2.7

GAC mass

Electron Donor

Electron

Inoculum

loading (mg/mL)

(mM)

Acceptor (μmol)

origin

Acetate

Lactate

Enrichment 1

1

11

11

20

Batch 3

Enrichment 2

No GAC

11

11

20

Batch 3

Enrichment 3

1

11

11

20

Batch 1

Enrichment 4

No GAC

11

11

20

Batch 1

TOTAL ORGANIC CARBON (TOC) TEST
Due to the usage of soil in the batch experiments, organic matter in the soil can act

as an adsorbent as well. This warrants the need to perform a TOC test. Loss of ignition is
the method used to determine the TOC (Heiri et al., 2001) An empty crucible was weighed
before adding 3 g of wet soil into it. The soil was kept in a drying oven at 105 ºC for
approximately 24 hours after making sure the measured weight remained constant. Once
the sample has cooled down it is ignited in a muffle furnace at 550 ºC for 4 hours. The
crucible with the combusted sample is weighed again once it had cooled down sufficiently.
The remaining mass of sediment was weighed, and TOC was determined using equation
7,
TOC550 = ((DW105–DW550)/DW105)*100
where,
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(7)

TOC550 = TOC at 550 ºC (as a percentage),
DW105 = dry weight of the sample before organic matter combustion (g)
DW550 = dry weight of the sample after organic matter combustion (g)
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CHAPTER THREE
III. RESULTS AND DISCUSSION

3.1
3.1.1

EFFECT OF GAC ON DECHLORINATION OF TCE
Adsorption of TCE on GAC
Different mass loadings of GAC were used in the batch experiments, as shown in

Table 4. Each mass loading had a different effect on how TCE and its daughter products
behaved in the microcosms. Changes in masses of TCE, cis-DCE, VC, ethene, and methane
between microcosms that either contained GAC or were devoid of GAC were recorded,
using the GC to analyze headspace samples of each microcosm. All microcosms that
contained GAC showed the mass of TCE drop to 0 μmole/bottle or very low values within
7 days. Since all microcosms contained soil, dissolved organic carbon (DOC) was present
as well. A TOC of 58.75% was measured using the LOI method. TOC, however, only
provides a rough estimate of the DOC present in the soil since not all the carbon reported
as TOC is bioavailable. An organic matter concentration of 313 mg/g of wet soil (62667
mg organic matter/L) was determined. This amounts to 6266 mg of organic matter present
in the sediment that could act as an adsorbent as well. It should be noted that there is a
higher amount of organic matter from the sediment present than the amount of GAC added
(for the low and medium mass load batches). TCE mass fluctuated in bottles without GAC,
which indicated the solid phase sediment may have contributed to TCE adsorption (Figure
2). Mass of TCE lower than 20 μmole/bottle were detected during the first 30 days of the
experiment. A higher mass of TCE was detected in microcosms that did not contain GAC
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during the initial days compared to the GAC amended microcosm, indicating that GAC
played a significant role in bringing the mass down to very low levels, even when DOC
was present.

Figure 2: Mass of TCE and daughter products for Non-sterile control batch

It should be noted that there were a few readings that showed the mass of TCE
fluctuate. This could be attributed to the desorption of TCE from the DOC. Not only does
DOC serve as an adsorbent, but it also acts as an adsorbate that competes for the adsorption
sites on GAC, as well as an electron donor for other anaerobes (Yang et al., 2016,
Jagadamma et al., 2012, Miyake et al., 2003). This is applicable to all microcosms except
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for the sterile controls. As more DOC oxidizes, the TCE adsorbed on the DOC is released
into the aqueous phase, which could contribute to fluctuations in mass of TCE. Errors
occurred during sampling could have contributed to analytical errors, leading to fluctuating
values. While collecting headspace samples, variations in the sample collected could lead
different mass levels being detected.
3.1.2

Dechlorination of TCE in the presence of GAC
Complete dechlorination of TCE occurred in the microcosm with the lowest mass

loading of GAC with acetate-lactate as the electron donor. On average, ethene formation
in this batch started from Day 70, following a steady and rapid increase in mass from a
recorded average value of 0.62 ± 0.22 μmole/bottle (the value after ± indicates standard
deviation around the mean) to 11.60 ± 3.54 μmole/bottle in a matter of 14 days as indicated
in Figure 3-A. The increase in the mass of ethene dropped in the subsequent days as the
curve began to steady out more. The first recorded appearance of ethene in the No GAC
control microcosms with acetate-lactate as the electron donor is around Day 80 at an
average value of 1.24 μmole/bottle as seen in Figure 3-B. Ethene was only detected in one
bottle of this control series; therefore, no standard deviation was calculated. The mass
increased very little for 14 days before it reached a recorded average value of 7.60 ± 8.39
μmole/bottle after 21 days, unlike the batch amended with GAC that saw an earlier
appearance of ethene and a quicker increase in ethene formation. One of the bottles from
this triplicate broke, and the existing bottles showed a varying amount of ethene, which
can be attributed to the large error value.
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Figure 3: Mass of TCE and daughter products in batch bottles with acetate-lactate and: (A) 1 mg/mL GAC,
(B) No GAC (C) 26 mg/mL GAC, and (D) 78 mg/mL GAC

Ethene was detected in the GAC-amended incubation, however the final mass
recovered was lower compared to the No GAC control. Both microcosms show TCE
dechlorinating into its various daughter products at various stages before finally reaching
ethene. However, both microcosms show different levels of the daughter products present
in the gas phase. cis-DCE was generated, as expected, in the non-GAC microcosm reaching
a maximum recorded average value of approximately 28 ± 4.49 μmole/bottle. This
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indicated that all of the TCE present in the microcosm possibly dechlorinated into cis-DCE
(there is a likelihood of a small, if not negligible, fraction of TCE adsorbed onto the
sediment that did not dechlorinate). Maximum concentration of cis-DCE reached an
average recorded value of 3.63 ± 0.13 μmole/bottle, in the microcosm with GAC. Three
possible scenarios can lead to the presence of cis-DCE: (1) TCE adsorbed on GAC
dechlorinated to cis-DCE by Dehalococcoides present on the surface of the GAC particle
and remain adsorbed on the GAC, or cis-DCE desorbed and enter the aqueous phase, or
(2) adsorbed TCE desorbed from the GAC and dechlorinated into cis-DCE while in the
aqueous phase, or (3) TCE remains in an aqueous phase, without adsorbing on the GAC,
and dechlorinated into cis-DCE. Figure 3-A shows that TCE adsorbed on the GAC a few
days after the inception of the experiment and remained adsorbed for the duration of the
experiment. This eliminates the possibility of scenario three from happening. Minor
amounts of TCE desorbed during different intervals, which makes scenario two a
possibility. Partitioning of cis-DCE from the aqueous phase is first required for it to be
present in the gas phase. This would mean that desorption of cis-DCE in scenario one
would have to happen. Lower amounts of dissolved cis-DCE was found in the microcosm
with GAC than in the microcosm without GAC, which means that some of the cis-DCE
could have remained adsorbed onto the GAC. One question could be posed against this:
Could GAC have instead slowed down the dechlorination of TCE, resulting in less cisDCE being detected? cis-DCE was detected at approximately the same time interval in
both microcosms indicating that GAC could not have delayed the dechlorination; however,
it could have slowed down the rate of dechlorination. Further analysis by more frequent
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sampling in shorter time intervals could reveal any delays in dechlorination and possibly
the rate of dechlorination. A possible scenario four could also exist, where any aqueous
phase cis-DCE could displace adsorbed TCE and takes its place on the GAC particle. While
certainly possible, it is highly unlikely to happen because cis-DCE’s Freundlich adsorption
constant, or maximum adsorption capacity, on GAC in an anoxic environment, was found
to be 0.1133(mg/g)/(μg/l)1/n , where 1/n is the slope of the Freundlich isotherm expressed
linearly (Sorial et al., 1994). This is less than TCE’s adsorption constant of
2.217(mg/g)/(μg/l)1/n (Sorial et al., 1994), indicating that TCE is more likely to remain
adsorbed on GAC than cis-DCE would. VC and methane have adsorption constants of
0.73*10-3(μg/g)/(L/μg)1/n (Kempisty et. al., 2019), 3.59*10-7 Pa1-n (El-naas et. al, n.d.).
Very few studies on GAC’s ability to adsorb ethene were conducted. Ethene was reported
to have low adsorption on GAC despite providing high surface area for adsorption and
therefore a Freundlich adsorption constant could not be determined.
To summarize the scenarios presented, all of the TCE remained adsorbed on the
GAC for the majority of the time with some adsorbed TCE desorbing into the aqueous
phase and undergoing dechlorination. Data also suggests that some of the adsorbed TCE
that became cis-DCE desorbed into the aqueous phase while the majority of the formed
cis-DCE remained adsorbed on the GAC. This poses an important question: Since some of
the cis-DCE desorbed into the aqueous phase and underwent further dechlorination, did
GAC really have an influence on the subsequent dechlorination steps?
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3.1.3

Influence of GAC on further dechlorination of cis-DCE
The next step following the formation of cis-DCE is the dechlorination to VC. VC

was detected in the no GAC microcosm at around 70 days at an average value of 1.97 ±
0.31 μmole/bottle, as seen in Figure 3-B. The mass of VC increased slowly for almost 7
days following its initial detection before rapidly increasing to an average value of 22.19
± 8.79 μmole/bottle in approximately 14 days. The upward trend in VC’s mass aligned
with the downward trend in cis-DCE’s mass in the microcosm (Figure 3-B). It should be
noted that ethene was detected in the microcosm not long after the rapid increase in VC’s
mass. As ethene’s mass increased over time, VC did not remain in the microcosm for as
long as cis-DCE did. VC was detected consistently in only one of the bottles in the GACamended triplicate, as seen in Figure 4-A. The remaining bottles gave only one reading
throughout the entire experiment, as seen in both Figure 4-B and Figure 4-C. VC was
detected much earlier, at approximately 40 days into the experiment at a value of 2.19
μmole/bottle. However, the mass dropped to undetectable levels for two consecutive weeks
before being detected again at a similar value. The mass remained at steady levels for the
next two weeks until it could no longer be detected due to complete dechlorination to
ethene. Just like with cis-DCE, the mass of VC was much lower in the GAC amended
microcosm. However, what is interesting to note is that only one out of the three bottles in
the triplicate showed consistent values of VC, whereas all three bottles in the unamended
triplicate showed the presence of VC. At first, complete adsorption of VC onto the GAC
particles was thought to be the reason; however, the Freundlich adsorption constant for VC
is 0.73*10-3(μg/g)/(L/μg)1/n, a significantly lower value compared to cis-DCE’s adsorption
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constant. To show that VC has very low adsorption on GAC a separate test was performed
where 0.49 mL (roughly 20 μmole) of VC was added to a serum bottle with 100 mL of
lake water and 1 mg/mL of GAC. After letting VC partition for 2 days a headspace sample
was analyzed, and results showed no adsorption of VC on GAC. This test further illustrates
that complete adsorption of VC may not be why low levels of VC were detected. The
adsorbed amount of VC was also calculated using the Freundlich adsorption equation.
Using a 1/n value of 0.34 and a K value of 0.73*10-3(μg/g)/(L/μg)1/n an adsorbed amount
of 0.00725 μg of VC/g of GAC was determined. This is an extremely low amount
considering only 0.1 g of GAC was added to the microcosm.
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Mass (umol/bottle)

Mass (umol/bottle)

Mass (umol/bottle)

Figure 4: Mass of TCE and daughter products for Batch 3: (A) Bottle 1, (B) Bottle 2, and (C) Bottle 3

Ethene was generated a few weeks after VC was detected in both the GAC amended
and unamended microcosms; however, what is interesting to note is the mass achieved in
the GAC amended batch. As previously mentioned, very low amounts of VC were detected
in the GAC amended microcosms. However, considering the amount of ethene detected
far exceeded the amount of both cis-DCE and VC, the low amount of VC detected coupled
with VC’s low adsorption constant makes VC quite a puzzling case. It could be possible
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that adsorption of cis-DCE onto GAC made it much more accessible for the
Dehalococcoides, present in biofilms on the GAC surface, to metabolize it straight to
ethene with VC existing for a very short period of time. Being a non-polar molecule, ethene
adsorbs poorly to the GAC surface and would, therefore, be present in the solution.
However, further analysis needs to be done to confirm the possibility of skipping the VC
stage. Final ethene levels for the 1 mg/mL GAC batch indicates a 65.9% recovery of ethene,
seen in Figure 3-A, whereas Figure 3-B indicates a final ethene recovery of 122%. The
exact value of 122% could be because more than 20 μmoles of TCE was added. The
possibility of sampling error cannot be ruled out either. Regardless, it is indicative of ethene
mass levels being close to 100%. This suggests that not all the TCE added into the
microcosm fully dechlorinated into ethene in the 1 mg/mL GAC batch. It could be possible
that less recovery of ethene occurred because some TCE, or even cis-DCE, adsorbed deep
in the micropores of the GAC particles remained inaccessible for the Dehalococcoides to
metabolize.
3.2

INFLUENCE

OF

DIFFERENT

ELECTRON

DONORS

ON

TCE

DECHLORINATION
Acetate-lactate mixture and EOS were the 2 electron donors used in the batch
experiments. Results obtained from GAC amended microcosms with either 11 mM of
acetate-lactate each or 111 mg/L of EOS, shown in Figure 3-A and Figure 5-A respectively,
depict better performance by the acetate-lactate amended microcosms than the microcosms
amended with EOS. cis-DCE was detected a few weeks into the experiment in the
microcosm with EOS, unamended with GAC, as seen in Figure 5-B. However, the increase
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in mass was gradual and steadied out after 80 days of the experiment. Further
dechlorination of TCE was not seen in subsequent days in this microcosm. Minimal ethene
was generated when GAC was present, as seen in Figure 5-A. As expected, TCE adsorbed
onto the GAC very quickly. However, the daughter products were not detected very
frequently, indicating that little dechlorination happened. The lowest mass loading of GAC
showed more cis-DCE than the higher mass loadings, and some ethene as well. Nearly all
the graphs of the EOS amended microcosms shows a peak in concentrations at
approximately Day 55. This was an error in the readings taken, due to a technical problem
the GC faced on the day and can be considered an outlier. In contrast, the EOS and acetatelactate amended microcosms showed complete dechlorination occurring in microcosms
that had the lowest GAC mass loading as well as no GAC mass loading. The results show
that acetate-lactate was a better electron donor than EOS in performing reductive
dechlorination of TCE. EOS is a mix of soybean oil (60 %), water (24 %), extracts and
preservatives (12 %), and sodium lactate (4 %). Linoleic acid ( C18H32O2) is the major
component of soybean oil and therefore is assumed to be the electron donor in EOS. High
molecular mass lipids, like soybean oil, are slow fermenting substrates. Fermenting
bacteria are able to break down the lipids into H2 and short-chain fatty acids, which are
broken down to acetate (Harkness & Fisher, 2013). Linoleic acid can produce 100 moles
of electron equivalents (eq/mole) via fermentation to fatty acids and eventual oxidation of
acetate. Lipids’ low solubility in water results in slow release of H 2 into the system upon
fermentation which can be ideal in some cases because highly soluble substrates like lactate
and acetate degrade rapidly in the system. This would require frequent additions of the
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substrate into the system to maintain dechlorination (Borden & Rodriguez, 2006). Lactate
ferments rapidly to propionate and acetate while generating hydrogen in the process.
Lactate generates 12 eq/mole. Acetate both oxidizes for producing hydrogen and can also

Mass (umol/bottle)

become methane via methanogenesis. Acetate produces 8 eq/mole via oxidation.

Figure 5: Mass of TCE and daughter products for EOS batch bottles in: (A) 1 mg/mL GAC, (B) No GAC

3.3

EFFECT OF VARYING THE MASS LOAD OF GAC ON TCE
DECHLORINATION
Three different mass loads of GAC were used in the experimental microcosms: 1

mg/mL, 26 mg/mL, and 78 mg/mL. As mentioned previously, ethene formed earlier when
1 mg/mL of GAC was added than in the control microcosm with no GAC. However, lesser
amounts of ethene was produced in the microcosm with low GAC mass load than in the
control. Data shown in Figure 3-C shows very low mass of cis-DCE and VC, and no ethene
formed at any point in the experiment for a mass loading of 26 mg/mL. In Figure 3-D, data
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shows the presence of the daughter products but in meager amounts, indicating that very
little dechlorination had occurred. Since ethene was not detected in larger amounts, this
must mean that dechlorination stopped before ethene could be formed. A past study that
focused on the effects of higher mass loads of GAC on TCE dechlorination with the same
electron donors also saw a similar trend where the higher mass loads seemed to inhibit the
dechlorination of TCE or show very minimal amount of dechlorination (McGee, 2018).
Higher mass loadings of GAC could have invariably caused the adsorbed TCE or
cis-DCE to be unavailable to the Dehalococcoides for further dechlorination. This can be
shown by calculating the surface area occupied by the electron donors and TCE molecules
and comparing it with the available surface area on the total amount of GAC used in the
bottle, depicted in Table 6. Note that EOS is a mixture of various compounds and therefore,
to be conservative, a value of 1 nm2 per molecule was assumed. The surface areas of acetate
and lactate molecules were obtained from PubChem Database, 2020a and PubChem
Database, 2020b, respectively. The surface area of GAC, obtained from the manufacturer,
is within the range of 1100-1250 m2/gram. For calculation purposes the lowest surface area
of 1100 m2/gram was taken. For the batches with mass loads of 1 mg/mL, 26 mg/mL, and
78 mg/mL, the total surface area available in each bottle were 110 m 2, 2860 m2, and 8580
m2, respectively. For the acetate-lactate amended bottles, a total surface area of 610.1 m 2
is occupied by the donors and TCE. For the EOS amended bottles, a total surface area of
15.7 m2 is occupied by the donor and TCE. Comparing these values of total occupied
surface area with the available GAC surface area in the higher mass loads, excess space
exists on the GAC surface even if all donor and TCE molecules adsorbed on GAC. This
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could indicate that the molecules were spaced apart from each other, preventing them from
encountering each other and therefore dechlorination not happening in the presence of the
higher mass loads. This analysis is, however, a rough estimation because it does not take
into consideration the partitioning of the compounds between the phases and assumes
complete adsorption on GAC.
A second analysis was performed, to check for the presence of the daughter
products in the bottles. The bottles were heated in an oven, at 80 ºC for 1 hour, before
analyzing the headspace for the presence of any daughter products. Minimal levels of cisDCE and VC, similar to levels obtained during the experiment, were detected in the gas
samples as well. Finally, in order to show the low adsorption of VC and ethene on high
mass loads of GAC an adsorption test was conducted where 0.49 mL (roughly 20 μmoles)
of both VC and ethene were added into 2 bottles containing 100 mL of lake water and 26
mg/mL and 78 mg/mL of GAC separately. Gas samples were analyzed after the bottles
were left to sit for 2 days to allow for partitioning to happen. Analysis showed 83% of VC
and 99% of ethene unabsorbed in the presence of 26 mg/mL of GAC, and 67% of VC and
100% of ethene unabsorbed in the presence of 78 mg/mL of GAC. This test showed that
ethene did not adsorb on GAC at all, whereas less than 35% of VC was adsorbed even in
the presence of large mass loads of GAC. Therefore, any VC or ethene generated during
dechlorination in a higher GAC mass load amendment should have been detected in the
headspace. All of this shows that larger mass loads are effective in removing TCE by means
of adsorption; however, fail in promoting the dechlorination of TCE.
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Table 6: Total surface area occupied by compounds on GAC
Compound

1.
2.
3.

3.4

Surface area per molecule

Total surface area

(nm2/molecule)

occupied (m2)

Acetate1

0.401

241.5

Lactate2

0.604

363.7

EOS

1

33.7

TCE3

0.409

4.9

(PubChem Database, 2020a)
(PubChem Database, 2020b)
(Mauldin, 2006)

EFFECT OF PRESENCE OF GAC, CHANGING THE MASS LOADS AND
ELECTRON DONORS ON METHANE GENERATION

3.4.1

Presence of GAC and varying mass loads affecting methane generation
Methane generation was affected significantly by the presence of GAC in the

microcosm and the amount of GAC present. Methane reached a value of 236 μmole/bottle
at approximately 120 days into the experiment in the control microcosm with acetatelactate and no GAC, as seen in Figure 6-A. The aqueous phase concentration of methane
was 0.136 mmole/L whereas the gas phase concentration was 3.71 mmole/L. In contrast to
this, significantly higher amounts of methane was produced in the microcosms with the
lowest mass load of GAC. Close to 90 days into the experiment, 1200 μmole/bottle of
methane was detected, shown in Figure 6-B, a larger quantity of methane compared to the
No GAC control. An electron balance was performed, depicted in Table 7 and Table 8, to
calculate the equivalents provided by the donors and the equivalents consumed by
reductive dechlorination, by the electron acceptors, and for methane production. In the
control microcosm, methane consumed 1.89 meq/bottle (milliequivalents/bottle) out of the
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20 meq/bottle provided by the donors seen in Table 7, whereas the 1 mg/mL GAC
microcosm saw methane consume 9.6 meq/bottle out of the 20 meq/bottle provided by the
donors, seen in Table 8. The aqueous phase concentration of methane was 0.69 mmole/L,
whereas the gas phase concentration was 18.85 mmole/L. In real-world applications where
the application of GAC is scaled up, such high levels of methane in residential areas would
be considered dangerous because of methane’s flammable properties making it necessary
to inhibit methane production during in-situ application. It should be noted that TOC was
not added in the electron equivalents balance. TOC can be represented by CH 2O (Favara
et al., 2011) that oxidizes to give 4 meq/mmole. A TOC concentration of 62667 mg/L
would provide 835.6 meq/bottle in the system, drastically increasing the total equivalents
provided by the donors and TOC. However, TOC is an overestimation of bioavailable
carbon since not all of it can be degraded and therefore was not included in the table. Even
without the addition of equivalents provided by the bioavailable carbon, Table 7 and Table
8 both indicate an excess of equivalents remaining in the system from the donors.
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Table 7: Electron balance for No GAC-acetate/lactate amendment (Batch 1)
Amount in bottle

Electron equivalents

Total electron

(mmol/bottle)

(meq/mmole)

equivalents
(meq/bottle)

Acetate

1.1

8

8.8

Lactate

1.1

12

13.2

Total

2.2

Cis-DCE

0.0187

2

0.037

Reductive

VC

0.0222

4

0.089

Dechlorination

Ethene

0.0021

6

0.013

Donor

Total meq consumed

Electron Acceptors

22

0.139

-

Fe(III)

0.0107

1

0.011

Mn(IV)

0.1095

2

0.219

SO42-

0.0112

8

0.090

Methane

0.2357

8

1.886

Reductive
Dechlorination

0.139
2.344

Total meq consumed

38

Table 8: Electron balance for 1 mg/mL GAC-acetate/lactate amendment (Batch 3)
Amount in bottle

Electron equivalents

Total electron

(mmol/bottle)

(meq/mmole)

equivalents
(meq/bottle)

Acetate

1.1

8

8.8

Lactate

1.1

12

13.2

Total

2.2

Cis-DCE

0

2

0

Reductive

VC

0

4

0

Dechlorination

Ethene

0.0132

6

0.079

Donor

Total meq consumed

Electron Acceptors

22

0.079

-

Fe(III)

0.0107

1

0.011

Mn(IV)

0.1095

2

0.219

SO42-

0.0112

8

0.090

Methane

1.1990

8

9.592

Reductive
Dechlorination

0.079
9.991

Total meq consumed

The microcosms with acetate-lactate mixture outperformed the microcosms with
EOS in it when it came to generating methane. EOS in an anaerobic environment ferments
into various products like acetate, hydrogen, and short-chain fatty acids. Both
Dehalococcoides and methanogens consume hydrogen for their respective functions.
However, EOS amended batches failed in generating methane in the GAC-amended and
control microcosms. Using acetate-lactate, on the other hand, generated high amounts of
methane. Figure 6-A, B, and C, graphs for acetate-lactate amended microcosms with no
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GAC, 1mg/mL of GAC, and 26 mg/mL of GAC respectively show a drop in the methane
concentration between Day 90 and 100. This was because some of the methane was vented
out from the microcosm, by injecting a 23-gauge needle into the bottle for 3 seconds. This
was done to prevent the system from being over-pressurized and to prevent any bottles
from cracking.
Enhancement in methane generation could be occurring due to direct interspecies
electron transfer (DIET) between electron-donating species and electron-accepting species
(Lin et al., 2018, Song et al., 2019). GAC has shown electrical properties and has been
known to act as a good conductor in past studies. In order to produce larger amounts of
methane in anaerobic digestors from wastewater, GAC and other carbon-based conductors
like nanotubes and fibers have been used where they act as a bridge, connecting the
microorganisms together for more efficient transfer of electrons (Lee et al., 2016, Yin et
al., 2017, Lovley, 2011). In the GAC amended microcosms, the GAC particles act as a
bridge between the Dehalococcoides and the methanogens, most likely Methanosarcina,
Methanosaeta, Methanospirillum Methanolinea, etc., where the cell structures of these
microorganisms are in direct contact with GAC, enabling efficient electron transfer during
reductive dechlorination (D. Lovley et al., 2012). Due to GAC’s conductive properties, it
has been known to act as a potential electron acceptor as well during anaerobic respiration
of organic compounds or during acetate oxidation. The charged structure then acts as an
anode that donates electrons to methanogens to produce methane. This way methanogens
do not require the oxidation of H2 for obtaining electrons for producing methane (D. Lovley
et al., 2012). Figure 7 depicts an example of how DIET process works.
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Figure 6: Mass of methane in batch bottles with acetate-lactate and: (A) No GAC, (B) 1 mg/mL GAC, (C)
26 mg/mL, and (D) 78 mg/mL GAC
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Figure 7: Direct interspecies electron transfer through GAC from acetate oxidation to production of
methane

Since DIET enhances methane production in the presence of GAC, it would make
sense that increasing the mass load of GAC would increase methane production in the
microcosms. However, data obtained, depicted in Figure 6-C and Figure 6-D, for the
microcosms with 26 mg/mL of GAC and 78 mg/mL respectively, show an opposite trend
where the increase in GAC mass load caused a decrease in methane generation over time.
The microcosms with the highest mass load showed large error values because one of the
bottles had a methane level of 83 μmoles/bottle. In contrast, the remaining two bottles
showed methane levels of approximately 7-8 μmoles/bottle. The reduction in methane
generation as GAC mass load increases could most likely be due to overloading the system
with surface area. As previously stated with reductive dechlorination, less instances of
methanogenesis occurred because the methanogens and electrons donors were likely
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spaced apart from each other on the GAC. Equation 9 depicts methane generation via
hydrogen consumption. Acetate consumption is another way in which methane can be
produced, seen in equation 10. As mentioned previously, excess surface area remains even
after complete adsorption of electron donors on GAC is assumed. This could lead to the
lack of donor fermentation happening in the system, which means less hydrogen being
produced for methanogenesis to occur.

3.5

4H2 + HCO3- + H+ → CH4 + 3H2O

(9)

CH3COO- + H2O → CH4 + HCO3-

(10)

ENRICHMENT EXPERIMENT
The batch experiment showed that dechlorination of TCE to ethene was quickest in

microcosms that had the lowest mass loading of GAC and microcosms that had no GAC
in it, when acetate-lactate were used as the electron donors in both. Ethene was detected
earlier in the microcosm with low mass loading of GAC than in No GAC control indicating
that GAC may have created a favorable environment for dechlorination. However, the
amount of ethene recovered was lower in the GAC amended microcosm. Moreover, this
microcosm generated higher mass of methane compared to the No GAC control
microcosm. The purpose of the enrichment experiment was to further analyze these effects
in a shorter timeframe.
As expected from the addition of GAC, some of the TCE adsorbed onto GAC at
the beginning of the experiment. This can be seen by comparing the starting values of TCE
for both GAC amended (Figure 8-A, and C) and non GAC amended enrichments (Figure
8-B and D) at Day 0. The GAC amended enrichments started off with lower levels of TCE
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even though the same amount of TCE was added into all the bottles. However, the
enrichments still had high starting mass levels of TCE in the gas phase, unlike the batch
experiment where very low levels of TCE were detected at Day 0 for GAC amended
microcosms. This can be attributed to keeping the enrichments static throughout the
experiment, as shaking the bottles enhances mass transfer of TCE between the phases and
therefore quickens the adsorption process. The bottles were kept static for this experiment

Mass (umol/bottle)

Mass (umol/bottle)

Mass (umol/bottle)

Mass (umol/bottle)

to simulate actual subsurface conditions.

Figure 8: Mass of TCE and daughter products in enrichment bottles: (A) 1 mg/mL – Batch 3 inoculum, (B)
No GAC – Batch 3 inoculum, (C) 1 mg/mL GAC – Batch 1 inoculum, and (D) No GAC – Batch 1
inoculum
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The GAC amended enrichments, Enrichments 1 and 3, saw TCE levels drop to 0
μmoles/bottle at approximately 13 days into the experiment. This was sooner than the
unamended bottles, with 17 days for Enrichment 2, and 23 days for Enrichment 4.
However, the mass could have been brought down by both slow adsorption onto GAC over
time, and also by dechlorination of TCE to cis-DCE in both the aqueous and adsorbed
phases, since some of the TCE was present in the aqueous phase for the GAC amended
enrichments.
Ethene was first detected in Enrichment 1 at Day 10 at an average value of 0.036
μmole/bottle seen in Figure 8-A, whereas ethene was detected in Enrichment 2 at Day 13
at an average value of 0.50 ± 0.33 μmole/bottle seen in Figure 8-B. This shows that GAC
makes ethene form earlier, an observation made in the batch experiment as well. In
Enrichment 1, the mass of ethene increases at a steady rate until it begins steadying out at
Day 20 of the experiment reaching a final value of 8.75 ± 0.52 μmole/bottle at Day 23,
whereas in Enrichment 2 the mass of ethene begins to increase at Day 13 and reaches a
final value of 21.22 ± 0.13 μmole/bottle. In the batch experiment, a lower level of ethene
was detected at the end of the experiment in the 1 mg/mL GAC amended microcosm
compared to the non GAC amended microcosms, which was seen in the enrichment
experiment as well.
Dechlorination was slower in Enrichment 3 compared to Enrichment 1, both being
GAC amended enrichments, as seen in Figure 8-A and Figure 8-C. Enrichment 3 saw cisDCE and VC remain for longer periods of time than in Enrichment 1 even though they
were detected in both enrichments at approximately the same time. This also correlates to
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the delayed detection of ethene at around Day 17, and the subsequent low mass being
detected. This indicates that the presence of GAC could have increased the number of
dechlorinating bacteria or favored the growth of certain species in the Dehalococcoides
genus, in the batch experiment microcosms.
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Figure 9: Mass levels of methane in enrichment bottles: (A) 1 mg/mL – Batch 3 inoculum, (B) No GAC –
Batch 3 inoculum, (C) 1 mg/mL GAC – Batch 1 inoculum, and (D) No GAC – Batch 1 inoculum

Methane in Enrichment 1, shown in Figure 9-A, reached a mass of 149.84 ± 10.77
μmoles/bottle within 23 days. Mass of methane in Enrichment 1 is higher than in
Enrichment 2, seen in Figure 9-B, further proving that GAC does enhance the production
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of methane via DIET. Another proof of GAC’s role in enhancing methane generation can
be seen when comparing Enrichments 2 and 3, shown in Figure 9-Band Figure 9-C,
respectively. Inoculum used in Enrichment 2 had bacteria that generated higher levels of
methane (Batch 3), whereas inoculum used in Enrichment 3 had bacteria that did not
generate methane as high as Batch 3 (Batch 1). However, despite this, the presence of GAC
in Enrichment 3 enhanced methane formation and reached an average value of 68.59 ±
28.32 μmole/bottle, whereas Enrichment 2 saw an average methane concentration of 49.36
± 19.15 μmoles/bottle.
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IV. CONCLUSIONS

4.1

TCE REDUCTION
The focus of the research was to evaluate activated carbon, specifically GAC’s,

ability to enhance dechlorination of chlorinated solvents in an anaerobic environment. TCE
dechlorinated into ethene quicker when lower mass loads of GAC were added into the
microcosm, in acetate-lactate amended bottles. However, lesser mass of ethene was
detected in the GAC amended microcosm compared to the No GAC control. When higher
mass loads of GAC were added dechlorination of TCE did not occur possibly because the
large surface area brought into the system kept the Dehalococcoides, TCE, and the donors
spaced apart from each other on the GAC, therefore leading to inhibition of dechlorination
in the microcosms. Minimal amounts of cis-DCE and VC were detected in the microcosms
with higher mass loads of GAC. This was confirmed by heating the bottles and analyzing
the headspace, which showed similar levels of VC detected during the experiment. VC has
a much lower Freundlich adsorption constant than cis-DCE, and therefore, higher amount
of VC should be detected if dechlorination was happening. The adsorption test showed that
even when large mass loads of GAC were added to the system less than 35% of VC
adsorbed on the GAC.
Data showed that lesser ethene was recovered in GAC-amended microcosms at the
end of the experiment although GAC made ethene form earlier in the microcosm. This
could be because some TCE that adsorbed on the GAC micropores remained unavailable
for dechlorination by being spaced apart from the bacteria and donors.
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4.2

METHANE GENERATION
Methane generation was enhanced when a lower mass load of GAC was added,

when acetate-lactate was used as the electron donor. Mass levels close to 1200
μmoles/bottle were detected in the microcosms with lower mass loads of GAC. Lesser
amounts of methane were produced in the microcosms as the mass load of GAC increased.
Direct interspecies electron transfer (DIET) is a mechanism that enables electrons to be
transferred between electron-donating and electron-accepting species when a direct link
has been established. By acting as a bridge between these species, GAC, using its
conductive properties, efficiently transfers electrons to methanogens who produce more
methane as a result.
4.3

FUTURE WORK
Shorter time intervals between sampling would provide a better understanding of

TCE, cis-DCE, and VC dechlorination rates. By obtaining more data in shorter time
periods, the change in concentration over time can be better plotted.
In the case of GAC amended microcosms, the level of ethene recovered was lesser
than in non GAC amended microcosms. Extracting GAC from the microcosm and
analyzing the amount of TCE adsorbed onto it could give a clearer picture of why less
ethene was recovered, and whether some TCE was in fact unavailable for dechlorination.
Performing a stoichiometric mass balance on TCE will be possible when the amount of
TCE adsorbed on GAC is obtained.
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TCE has shown high adsorption onto GAC, as seen in data indicating quick
adsorption. cis-DCE has also shown to adsorb onto GAC, although lesser than TCE,
however, VC is known to have minimal affinity towards adsorbing onto GAC.
Previous studies have identified that Dehalococcoides are able to dechlorinate TCE
all the way to ethene in an anoxic environment. Many other microorganisms have been
known to dechlorinate TCE to cis-DCE but cannot dechlorinate further into VC and ethene.
Analyzing the bacterial colonies in the system by looking for 16s RNA specific to
Dehalococcoides can confirm their presence in the system. Comparing the results between
the microcosms with different mass loads of GAC could possibly show why higher mass
loads inhibit further dechlorination.
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APPENDIX A

Data Table
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TCE and daughter products standards
Chemical
Species

Appendix Table 1: Known masses (μmol/bottle) of species in the standards
Bottle number
1

2

3

4

Methane

1.05361

4.21445

10.5361

21.0723

Ethene

1.05361

4.21445

10.5361

21.0723

Vinyl Chloride

1.05361

4.21445

10.5361

21.0723

Cis-DCE

0.4659

4.7795

9.2024

22.9083

TCE

0.393

4.0318

7.7628

19.3244
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APPENDIX B

Data Plots for Batch and Enrichment Experiments
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Appendix Figure 1: Mass of TCE for sterile control: (A) Bottle 1, (B) Bottle 2, (C) Bottle 3, and (D)
Average of triplicate

55

150

Mass (umol/bottle)
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Non-sterile control:

Appendix Figure 2: Mass of TCE for Non-sterile control: (A) Bottle 1, (B) Bottle 2, and (C) Bottle 3
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Appendix Figure 3: Mass of methane for Non-sterile control: (A) Bottle 1, (B) Bottle 3, and (C) Average of
triplicate
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Non-GAC series with Acetate-Lactate as an electron donor:
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Appendix Figure 4: Mass of TCE and daughter products for No GAC control with acetate-lactate: (A)
Bottle 1, (B) Bottle 2, and (C) Bottle 3

58

100

Appendix Figure 5: Mass of methane for No GAC control with acetate-lactate: (A) Bottle 1, (B) Bottle 2,
and (C) Bottle 3
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Non-GAC series with EOS as an electron donor:

Appendix Figure 6: Mass of TCE and daughter products for No GAC control with EOS: (A) Bottle 1, (B)
Bottle 2, and (C) Bottle 3
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Appendix Figure 7: Mass of methane for No GAC control with EOS: (A) Bottle 1, (B) Bottle 2, (C) Bottle
3, and (D) Average of triplicate
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26mg/mL GAC amended series with Acetate-Lactate as the electron donor:

Appendix Figure 8: Mass of TCE and daughter products for 26 mg/mL GAC with acetate-lactate: (A)
Bottle 1, (B) Bottle 2, and (C) Bottle 3
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Appendix Figure 9: Mass of methane for 26 mg/mL GAC with acetate-lactate: (A) Bottle 1, (B) Bottle 2,
and (C) Bottle 3
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78mg/mL GAC amended series with Acetate-Lactate as the electron donor:

Appendix Figure 10: Mass of TCE and daughter products for 78 mg/mL GAC with acetate-lactate: (A)
Bottle 1, (B) Bottle 2, and (C) Bottle 3
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Appendix Figure 11: Mass of methane for 78 mg/mL GAC with acetate-lactate: (A) Bottle 1, (B) Bottle 2,
and (C) Bottle 3
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1mg/mL GAC amended series with EOS as the electron donor:

Appendix Figure 12: Mass of TCE and daughter products for 1 mg/mL GAC with EOS: (A) Bottle 1, (B)
Bottle 2, and (C) Bottle 3
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Appendix Figure 13: Mass of methane for 1 mg/mL GAC with EOS: (A) Bottle 1, (B) Bottle 2, (C) Bottle
3, and (D) Average of triplicate
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26mg/mL GAC amended series with EOS as the electron donor:
Concentration of TCE and daughter products over time for GAC-26mg/ml_EOS
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Appendix Figure 14: Mass of TCE and daughter products for 26 mg/mL GAC with EOS: (A) Bottle 1, (B)
Bottle 2, (C) Bottle 3, and (D) Average of triplicate
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Appendix Figure 15: Mass of methane for 26 mg/mL GAC with EOS: (A) Bottle 1, (B) Bottle 2, (C) Bottle
3, and (D) Average of triplicate
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150

78mg/mL GAC amended series with EOS as the electron donor:

Appendix Figure 16: Mass of TCE and daughter products for 78 mg/mL GAC with EOS: (A) Bottle 1, (B)
Bottle 2, (C) Bottle 3, and (D) Average of triplicate
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Appendix Figure 17: Mass of methane for 78 mg/mL GAC with EOS: (A) Bottle 1, (B) Bottle 2, (C) Bottle
3, and (D) Average of triplicate
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Enrichment 1:

Concentration of TCE and daughter products over time for 1mg/mL GAC-Ac/La amended bottle w/GAC
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Appendix Figure 18: Mass of TCE and daughter products in Enrichment 1: (A) Bottle 1, (B) Bottle 2, and
(C) Bottle 3
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Appendix Figure 19: Mass of methane in Enrichment 1: (A) Bottle 1, (B) Bottle 2, and (C) Bottle 3
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Enrichment 2:

Concentration of TCE and daughter products over time for 1mg/mL GAC-Ac/La amended bottle w/o GAC

(A)

60

TCE
cis-DCE

40

VC
Ethene

20

0
0

10

20
Time (days)

30

40

(C)

Concentration of TCE and daughter products over time for 1mg/mL GAC-Ac/La amended bottle w/o GAC
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Appendix Figure 20: Mass of TCE and daughter products in Enrichment 2: (A) Bottle 1, (B) Bottle 2, and
(C) Bottle 3
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Appendix Figure 21: Mass of methane in Enrichment 2: (A) Bottle 1, (B) Bottle 2, and (C) Bottle 3
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Enrichment 3:
Concentration of TCE and daughter products over time for No GAC-Ac/La amended bottle w/GAC
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Appendix Figure 22: Mass of TCE and daughter products in Enrichment 3: (A) Bottle 1, (B) Bottle 2, and
(C) Bottle 3
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Appendix Figure 23: Mass of methane in Enrichment 3: (A) Bottle 1, (B) Bottle 2, and (C) Bottle 3
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40

Enrichment 4:
Concentration of TCE and daughter products over time for No GAC-Ac/La amended bottle w/o GAC
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Appendix Figure 24: Mass of TCE and daughter products in Enrichment 4: (A) Bottle 1, (B) Bottle 2, and
(C) Bottle 3
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Appendix Figure 25: Mass of methane in Enrichment 4: (A) Bottle 1, (B) Bottle 2, and (C) Bottle 3
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